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Abstract: Oxidized (ox) polyvinyl alcohol (PVA)-polyvinyl pyrrolidone (PVP) blend films were prepared by solution
casting technique, with doping levels of the oxidizer, potassium permanganate (KMnO 4 ) , varying from 0.01 up to 4.70
weight percent (wt.%). Optical (UV-Vis) spectral measurements in the wavelength range varying from 190 nm to 1000
nm were used to extract the band gap information and to calculate various optical parameters of the ox-PVA-PVP
blend films. The electronic transitions on absorption of photons of suitable energy are of indirect allowed type. The
corresponding optical band gap (E g ) has been determined. Optical dispersion parameters for ox-PVA-PVP films were
determined using the Wemple and Didomenico method. Complex dielectric constants, relaxation time ( τ ) , dissipation
factor (tan δ) , ratio of charge carrier concentration to effective mass (N/m ∗ ) , plasma frequency ( ωp ) , average oscillator
wavelength ( λo ) , oscillator strength (S o ) , optical conductivity ( σ) , and optical momenta of spectra (M −1 and M −3 )
were determined.
Key words: Oxidized polymer, PVA-PVP blend, optical analysis, potassium permanganate, UV-Vis spectra

1. Introduction
The blending of two or more polymers to obtain a new material has been attracting widespread interest. Doping
the resulting blend in order to tailor its electrical, optical, and mechanical properties to suit the requirements
of particular applications has gained importance [1]. Understanding the properties of these materials helps in
deciding their use for fabricating various devices. The study of dispersive parameters of a material is necessary
in order to determine its suitability for use in optoelectronic devices. The study of the refractive index of the
material is important, as it deals with the polarizability of the material; it plays a major role in the design
of devices. Optical characterization accompanied by electrical characterization of the doped polymeric blend
needs to be done, as it is necessary for designing optoelectronic devices such as filters, switches, and modulators
[2]. The variation of complex refractive index with wavelength plays an important role in designing advanced
photonic devices [3,4]. The refractive index (RI) helps in determining the electromagnetic properties of the
material, which play a crucial role in designing semiconducting lasers and prisms. There are various methods
to determine the refractive index, such as Kronig analysis [5] and optical ellipsometry [6]. Compared to these
methods, the optical spectroscopic method is an easy, inexpensive technique, which does not require any special
sample preparation. Analysis of data in the spectroscopic method is less time-consuming (using integrated
automatic software).
Quantitative analysis of optical data helps to determine the optical band structure of a material. When
light interacts with a material, it gets partially reflected, partially absorbed, and partially transmitted. These
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three phenomena are described by reflectance (R), absorbance (A), and transmittance (T) respectively [7].
Hence, according to law of conservation of energy, we have
(1)

A + R + T = 1.

When light propagates through a medium, its speed is determined by a quantity characteristic of the medium,
known as RI and denoted by the symbol n . The RI is defined as the ratio of velocity of light in free space (c)
to that of its velocity in the medium (v):
n=

c
.
v

(2)

Complex RI (denoted by N ) can be used to describe the absorption and refraction of the medium and is given
by the following equation:
(3)

N = n + iκ.
In Eq. (3), n is the normal RI and κ is the extinction coefficient.

Light is an electromagnetic radiation, with optical frequency ranging from the infrared, with frequency
ν = 10 11 Hz, up to the ultraviolet region with frequency ν = 3 × 10 16 Hz; it includes a narrow visible region,
which lies in the wavelength range varying from 400 nm to 800 nm. The optical properties of materials can be
understood with the help of Maxwell’s equations [8–10], which are given as follows.
∇ × H (r, t) = ϵ

∂E(r, t)
+ J,
∂t
∂H(r, t)
,
∂t

∇ × E (r, t) = −µ

(4)

(5)

ρ
,
ϵ

(6)

∇ .H (r, t) = 0.

(7)

∇ .E (r, t) =

In Eqs. (4)–(7), E = E(r,t) and H = H (r,t) are mutually orthogonal electric and magnetic field
intensities (fields dependent on both space and time), respectively; ϵ is dielectric permittivity; and µ is magnetic
permeability of the material. ρ is the volume charge density and J is the current density, given by the equation
J = σ E, where σ is the electrical conductivity of the medium. Eqs. (4) and (5) are time-varying (dynamic)
equations, whereas Eqs. (6) and (7) are static equations.
On solving these equations [4], and assuming that the charge density is zero, we arrive at the wave
equation shown below:
∇2 u−

1 ∂2u
= 0.
v 2 ∂t2

(8)

In Eq. (8), u represents the three components of E (that is, E x , E y , E z ) and H (that is, Hx , Hy , Hz ) ,
whereas v is the velocity of electromagnetic radiation in the medium.
Eq. (8) can be solved to obtain the plane wave solution, which follows:
E = E 0 ei(k.r
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k is the wave vector (propagation vector), whose magnitude is k = 2π/λ , and ω is the angular frequency given
by ω = 2πν
The magnitude of the propagation vector, k, can also be written as follows:
k=

Nω
,
c

(10)

where c = 3 × 10 8 ms −1 , the velocity of light in vacuum.
According to Eq. (10), in any nonabsorbing medium whose normal refractive index is n , the wavelength
λ of the traveling radiation is reduced by factor n compared to its wavelength in free space. Considering Eq.
(3), we have:
k=

(n + iκ)ω
.
c

(11)

On substituting Eq. (11) into Eq. (9) and comparing the resulting equation with the consequence of Beer’s
law, we obtain the relation for the absorption coefficient ( α) as follows:
α=

4πk
.
λ

(12)

Using Maxwell’s equation (Eqs. (4)–(7)), the standard relationship between the RI of the medium ( N ) and the
dielectric constant ( ϵ) is written as:

√

ϵ,

(13)

ϵ = N 2.

(14)

N=

Since RI (or N ) is a complex quantity, ϵ can be expressed as follows:
ϵ = ϵr + iϵi .

(15)

In practical applications, we cannot determine n and k directly, but instead we can make use of measureable
quantities such as R and α in order to determine n and k . It is established that the relation given by Eq. (16)
holds good where N is the complex index of refraction, given by N = n+ i κ :
1−N
R=
1+N

2

(

)
1 − n2 + κ2
=
.
(1 + n2 ) + κ2

(16)

Apart from these parameters, other information related to the band structure such as activation energy
(minimum energy for optically activated transition from HOMO to LUMO) and the type of optical transition
can be determined using Tauc plots and the Mott–Davis equation.
Polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP) are chosen as the polymeric components for
the preparation of PVA-PVP blend. The hydrophilicity of PVA is due to the presence of numerous polar
hydroxyl groups. The advantages of PVA include nontoxicity, cost-effectiveness, its optical properties, high
temperature resistance, ease of preparation, high abrasion resistance, good flexibility, biocompatibility, and
excellent chemical as well as thermal stability [11–13]. PVP is a suitable material to be the other component in
the polymeric blend. The chemical structure of PVP reveals the existence of a carbonyl group (C=O) present
339
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in the side chain, which facilitates complex formation with different chemical species. PVA-PVP blends exhibit
dopant-dependent properties [14]. PVA-PVP blends are water-soluble polymeric blends. The miscibility of
PVA and PVP is due to the interaction between the polar carbonyl group of PVP and the hydroxyl group of
PVA. The properties of PVA-PVP blends have been studied by doping them with different reagents [15–17].
In this study, potassium permanganate (KMnO 4 ) has been used for oxidizing the prepared films. KMnO 4 is
a strong oxidizing agent, an environmentally friendly and water-soluble material. This oxidizing property of
KMnO 4 finds application as a water disinfectant (in the treatment of wastewater) in order to kill algae, and
in environmental applications, including treatment of wastewater from industries [18,19]. Studies on KMnO 4
doped with PVA are reported in the literature [20,21]. The addition of KMnO 4 to the polymer matrix (PVA)
resulted in the formation of complexes, which is found to result in a decrease of its degree of crystallinity. A
significant drop in the optical band gap, from 4.84 eV for pure PVA to 0.97 eV for 12.5 wt.% KMnO 4 -doped
PVA was observed [20,22].

2. Sample preparation
KMnO 4 -doped PVA-PVP blend films were prepared by solution casting technique. Semicrystalline PVA with
molecular weight of 140,000 g mol −1 , PVP with molecular weight 50,000 g mol −1 and KMnO 4 were purchased
from HiMedia Laboratories Pvt. Ltd, Mumbai, India, and these chemicals were used as received. First, aqueous
solutions of PVA-PVP blend were prepared by dissolving equal weights of PVA and PVP (2 g each of PVA and
PVP) in 100 mL of doubly distilled water, with constant stirring of 650 rpm for 24 h using a magnetic stirrer in
order to ensure the complete miscibility of the components and homogeneity of the mixture. The solutions were
then filtered. A standard solution (millimolar standard solution) of KMnO 4 was prepared by dissolving the
appropriate weight of KMnO 4 in doubly distilled water. A measured volume of standard solution of KMnO 4
(different volumes for different doping levels (DLs)) was added to aqueous solution of PVA-PVP blend prepared
earlier, and the combination was stirred for 10 h with a speed of 650 rpm continuously at room temperature
(28

◦

C) in order to ensure uniform mixing of the PVA-PVP blend solution and KMnO 4 . The whole mixture

was then transferred to a clean Teflon petri dish and dried for 10 days until complete evaporation of water takes
place in an air-cooled, temperature-controlled oven maintained at 42 ◦ C, to form the ox-PVA-PVP blend film.
The same procedure was repeated with different amounts of KMnO 4 solution, corresponding to different DLs
of the oxidizer (KMnO 4 ) in PVA-PVP blend. DL is expressed in weight percentage (wt.%). After drying, the
films were carefully peeled from the substrate, properly labeled, and stored in a desiccator for further study.
Films with DLs varying from 0.01 to 4.7 wt.% were thus prepared. Pure PVA-PVP blend films were prepared
by drying aqueous solutions of the PVA-PVP blend.
Optical spectra were recorded using a Hitachi U 3310 UV-Vis-NIR spectrometer in the wavelength range
varying from 190 nm to 1000 nm at 25

◦

C. The variation of absorbance with wavelength data (obtained for

the samples using a UV-Vis spectrometer) was analyzed in the region of 200–1000 nm in order to extract the
information about the band structure of the ox-PVA-PVP blend.
3. Results and discussion
The optical spectra showed the formation of intermediate bands introduced in the forbidden gap of the PVAPVP blend due to the strong oxidizing action of KMnO 4 . The Beer–Lambert law was used to calculate the
absorption coefficient ( α), using Eq. (17):
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α = 2.303 ×

A
.
d

(17)

In Eq. (17), A is the absorbance obtained from UV-Vis data and d is the thickness of the thick polymeric films
(measured systematically at different portions of the film using a screw gauge). The thicknesses of different
films varied from 0.030 cm to 0.045 cm (see Table 1). Plots of A versus λ (obtained for the prepared samples
using a UV-Vis spectrometer) are shown in Figures 1 and 2. Plots of α versus λ of incident electromagnetic
(EM) radiation for ox-PVA-PVP films with different DLs are shown in Figures 3 and 4.
Table 1. Values of thickness of the films for various doping levels (DLs).

DL (wt.%)
0.00
0.01
0.02
0.04
0.05
0.07
0.20
0.30
0.40
1.50
2.00
2.50
2.80
3.40
4.70

Thickness (cm)
0.038
0.043
0.035
0.045
0.040
0.041
0.042
0.037
0.038
0.028
0.045
0.045
0.042
0.043
0.030

Penetration depth is a measure of the depth to which photons (or EM radiation) can penetrate into the
material and is denoted by the symbol δp (or δ) , whose value is determined using Eq. (18):
δ=

1
.
α

(18)

Plots of δ versus photon energy ( hν) are shown in Figures 5 and 6 for various DLs of KMnO 4 in PVA-PVP
blend films. A decrease in δ is observed with an increase in energy ( hν) of the incident photon, as the incident
high-energy photons are absorbed strongly by the material. This is due to interband transitions of electrons in
the material from HOMO (and below) to LUMO (and above) upon absorbing the incident photons of energies
equal to (or greater than) the energy band gap. Thus, above the threshold incident photon energy, a reduction
in the penetration depth is observed for all ox-PVA-PVP blend films.
Transmittance and reflectance are deduced from Eq. (19) and Eq. (1), respectively, where T is the
transmittance, A is the absorbance, and R is the reflectance:
T = 10−A .

(19)
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Figure 1. Plots of absorbance (A) versus wavelength ( λ)
for low DL films. Inset figure show plots of A versus λ for
films with moderate DL.

Figure 2. Plot of A versus λ , for films with higher DL.

Figure 3. Plot of α versus λ for low DL films. Inset
figure shows plot of α versus λ for moderate DL.

Figure 4. Plot of α versus λ for higher DL films.

Interaction of the electromagnetic wave with the material takes place by exchanging energy with it. In the
case of dielectric materials, it leads to polarization. RI, being a dimensionless quantity, gives an account of
the reduction in speed and wavelength of radiation when compared to their vacuum values upon light (visible
radiation) entering the material. Study of the material’s RI and its dielectric constant is necessary in order to
understand the electronic polarization of ions and the electric field in the material; hence, it helps to predict its
use as an efficient optical material [23]. RI is given by Fresnel formula:
(
n=

1+R
1−R

where κ is the extinction coefficient, given by κ =
342

√

)
−

αλ
4π

4R
2

(1 − R)
.

− κ2 ,

(20)
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Figure 5. Plot of δ versus photon energy ( hν) for low
DL films.

Figure 6. Plot of δ versus hν for moderate DL films;
inset figure shows plot of δ versus hν for higher DL films.

The dielectric constant ( ϵ) is calculated using Eq. (15). On solving Eqs. (2), (13), and (15), we obtain
the relations for the real and the imaginary parts of the dielectric constant (denoted by ϵr and ϵi , respectively)
as given in Eqs. (21) and (22):
ϵr = n 2 − k 2 ,

(21)

ϵi = 2nk.

(22)

In Eqs. (21) and (22), ϵr and ϵi are real and imaginary parts of the dielectric constant, respectively. Plots of
ϵi versus hν , for various DLs of KMnO 4 in ox-PVA-PVP blend films are shown in Figures 7 and 8. Plots of ϵr
versus hν for various DLs are shown in Figures 9 and 10.

Figure 7. Plot of ϵi versus hν for low DL films. Inset
figure shows plot of ϵi versus hν for moderate DL films.

Figure 8. Plot of ϵi versus hν , for higher DL films.

The absorption coefficient ( α) and optical band gap ( Eg ) obey Tauc’s expression. The Mott and Davis
equation [24,25] is used to determine the optical energy band gap:
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Figure 9. Plot of ϵr versus hν for low DL films. The
inset figure shows plot of ϵr versus hν for moderate DL
films.

Figure 10. Plot of ϵr versus hν for higher DL films.

γ

A=

β(hν − Eg )
.
hν

(23)

In Eq. (23), β is the disorder parameter, Eg is the energy band gap, γ is an empirical index, and hν is
the incident (absorbed) photon energy. Quantum-mechanically, γ =

1
2

for direct allowed transition (DAT),

3
2

direct forbidden transition (DFT), 2 for indirect allowed transition (IAT), and 3 for indirect forbidden transition
(IFT), respectively. Eq. (23) is necessary to determine the type of transition and the optical band gap, but it
is not sufficient to determine both the type of conduction and optical band gap. The energy band gaps were
obtained by applying different values of γ to optical data, and these values are listed in Tables 2 and 3.

3.1. Determination of optical band gap
The value of the optical band gap of the oxidized polymeric blend changes with the selected value of γ .
Although the regression coefficient ( R2 ) gives some indication about the real value of γ by best fit, for the sake
of confirmation of the type of optical transition, it is necessary to use another method. Hence, the imaginary
part of dielectric constant ϵi , which is a function of n and k , has been used to determine the energy band gap
and hence the real value of γ . A graph of ϵi versus hν is plotted and extrapolated to the energy axis in order
to give the value of the band gap ( Eϵ ) . Energy band gaps (at different DLs) so calculated are tabulated (refer
to Table 4), and these values are compared with those obtained from all four types of transition (due to IAT,
DAT, IFT, and DFT). On comparing the values obtained by extrapolating the plot of ϵi versus hν (to the hν
axis) with the values corresponding to IAT, DAT, IFT, and DFT, they were found to be in agreement with
values of IAT, with γ = 2. The IAT values for oxidized PVA-PVP blend were confirmed by plotting a graph of
√
hν ϵi against hν , according to Eq. (24) [26,27]. Figures 11 and 12 show the plots of hν ( ϵi )(1/2) versus hν
for various DLs.
h2 ν 2 ϵi ≈ (hν − Eg1 ) 2 .
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Table 2. Values of activation energy (A 1 , A 2 , A 3 ) for optical transitions and optical band gap due to IAT (IA 1 ,
IA 2 , IA 3 ) and DAT (DA 1 , DA 2 , DA 3 ) transitions (all expressed in eV), for different doping levels (DLs) of oxidizer
(KMnO 4 ) in PVA-PVP blend films.
DL (wt.%)
0.00
0.01
0.02
0.04
0.05
0.07
0.08
0.10
0.20
0.30
0.40
0.50
1.0
1.5
2.0
2.5
2.8
3.4
3.8
4.7

A1 (eV)
5.04 ± 0.020
5.15 ± 0.014
5.03 ± 0.030
5.04 ± 0.019
5.01 ± 0.026
4.83 ± 0.022
5.49 ± 0.011
5.23 ± 0.030
3.75 ± 0.012
3.89 ± 0.015
3.36 ± 0.040
3.36 ± 0.012
5.36 ± 0.010
3.34 ± 0.010
3.30 ± 0.010
2.34 ± 0.020
4.36 ± 0.020
3.35 ± 0.025
3.34 ± 0.030

A2 (eV)
3.33 ± 0.002
2.99 ± 0.017
3.24 ± 0.005
3.08 ± 0.019
2.64 ± 0.002
4.96 ± 0.015
2.56 ± 0.002
3.54 ± 0.040
3.41 ± 0.020
3.18 ± 0.040
2.95 ± 0.040
3.36 ± 0.020
3.34 ± 0.001
2.23 ± 0.030
2.12 ± 0.020
2.16 ± 0.020
3.36 ± 0.020
2.08 ± 0.021
2.78 ± 0.01

A3 (eV)
1.21 ± 0.010
1.38 ± 0.010
1.36 ± 0.010
1.66 ± 0.010
2.71 ± 0.021
2.63 ± 0.002
1.10 ± 0.015
1.03 ± 0.020
2.19 ± 0.020
-

IA1 (eV)
4.90 ± 0.012
4.95 ± 0.014
4.84 ± 0.019
4.81 ± 0.017
4.80 ± 0.018
4.47 ± 0.020
4.62 ± 0.081
5.12 ± 0.014
3.56 ± 0.030
3.75 ± 0.010
3.32 ± 0.030
3.31 ± 0.020
5.19 ± 0.012
3.30 ± 0.020
3.28 ± 0.010
3.95 ± 0.010
4.21 ± 0.030
3.31 ± 0.012
3.30 ± 0.020

Figure 11. Plot of hν ( ϵi )(1/2) versus hν at low DL. Inset
figure show plot of hν ( ϵi )(1/2) versus hν for moderate
DL.

IA2 (eV)
2.98 ± 0.002
2.27 ± 0.003
2.77 ± 0.001
2.96 ± 0.004
2.03 ± 0.002
4.62 ± 0.015
2.07 ± 0.03
3.48 ± 0.02
3.21 ± 0.02
3.14 ± 0.01
2.91 ± 0.04
3.31 ± 0.02
3.30 ± 0.012
2.21 ± 0.02
2.10 ± 0.012
2.10 ± 0.02
3.31 ± 0.03
2.05 ± 0.02
2.75 ± 0.01

IA3 (eV)
0.81 ± 0.010
1.10 ± 0.010
1.31 ± 0.005
1.34 ± 0.020
2.67 ± 0.010
2.60 ± 0.010
0.85 ± 0.010
0.75 ± 0.010
2.16 ± 0.020
-

DA1 (eV)
5.18 ± 0.016
5.27 ± 0.015
5.18 ± 0.003
5.16 ± 0.023
5.15 ± 0.048
5.04 ± 0.029
5.59 ± 0.012
5.29 ± 0.031
3.85 ± 0.030
3.98 ± 0.012
5.29 ± 0.040
3.38 ± 0.010
5.45 ± 0.020
3.39 ± 0.020
3.35 ± 0.020
2.17 ± 0.010
4.45 ± 0.030
3.37 ± 0.020
3.36 ± 0.020

DA2 (eV)
5.12 ± 0.050
3.56 ± 0.020
3.52 ± 0.026
3.39 ± 0.040
2.97 ± 0.010
3.38 ± 0.001
3.30 ± 0.010
2.24 ± 0.013
2.13 ± 0.020
2.16 ± 0.020
3.39 ± 0.020
2.09 ± 0.010
2.80 ± 0.010

DA3 (eV)
2.73 ± 0.002
2.60 ± 0.010
2.21 ± 0.020
-

Figure 12. Plot of hν ( ϵi )(1/2) versus hν for high DL
films.

The extrapolation of the linear part yields the optical band gap ( Eg1 ) , which corresponds to the indirect allowed
transition ( Eg1 = EIAT ) of the ox-PVA-PVP blend. The values of Eϵ and EIAT (or Eii ; for i = 1, 2, and 3)
are in good agreement. Refer to Tables 2 and 4 for details.
3.2. Dispersion energy parameters of ox-PVA-PVP blend
Dispersion energy parameters were determined by the Wemple and Didomenico relationship, which used a single
oscillator description of the frequency-dependent dielectric constant [28,29]. The relation between n and single
345
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Table 3. Values of optical band gap due to IFT (IF 1 , IF 2 , IF 3 ) and DFT (DF 1 , DF 2 , DF 3 ) transitions (all expressed
in eV), for different doping levels (DLs) of oxidizer (KMnO 4 ) in PVA-PVP blend films.

DL (wt.%)
0.00
0.01
0.02
0.04
0.05
0.07
0.08
0.10
0.20
0.30
0.40
0.50
1.0
1.5
2.0
2.5
2.8
3.4
3.8
4.7

IF1 (eV)
5.23 ± 0.012
5.31 ± 0.023
5.24 ± 0.040
5.19 ± 0.013
5.20 ± 0.084
5.13 ± 0.029
5.62 ± 0.021
5.31 ± 0.030
3.57 ± 0.020
4.01 ± 0.013
3.39 ± 0.030
3.39 ± 0.012
5.47 ± 0.012
3.37 ± 0.032
3.35 ± 0.020
3.37 ± 0.030
4.48 ± 0.020
3.37 ± 0.030
3.96 ± 0.030

IF2 (eV)
5.17 ± 0.060
3.56 ± 0.020
3.21 ± 0.034
2.98 ± 0.023
3.39 ± 0.012
3.36 ± 0.020
2.25 ± 0.020
2.10 ± 0.030
2.17 ± 0.010
3.41 ± 0.020
2.09 ± 0.020
2.77 ± 0.010

IF3 (eV)
2.73 ± 0.01
2.65 ± 0.02
2.22 ± 0.01
-

DF1 (eV)
5.00 ± 0.024
5.04 ± 0.016
5.05 ± 0.019
4.94 ± 0.018
4.92 ± 0.011
4.93 ± 0.020
5.40 ± 0.019
5.17 ± 0.020
3.70 ± 0.020
3.82 ± 0.030
3.64 ± 0.016
3.33 ± 0.013
5.42 ± 0.010
3.32 ± 0.020
3.30 ± 0.010
3.32 ± 0.030
4.29 ± 0.020
3.33 ± 0.010
3.37 ± 0.020

DF2 (eV)
3.1 ± 0.006
2.73 ± 0.004
3.02 ± 0.005
2.84 ± 0.040
4.82 ± 0.019
2.37 ± 0.002
3.49 ± 0.010
3.31 ± 0.021
3.16 ± 0.020
2.93 ± 0.010
3.37 ± 0.020
3.32 ± 0.010
2.62 ± 0.030
2.11 ± 0.010
2.15 ± 0.010
3.34 ± 0.020
2.67 ± 0.030
2.81 ± 0.020

DF3 (eV)
1.20 ± 0.010
1.25 ± 0.010
2.72 ± 0.012
2.22 ± 0.010
0.96 ± 0.010
2.18 ± 0.030
-

oscillator strength is given by Eq. (25):

n2 − 1 =

Eo Ed
Eo2 − (hν)

2,

(25)

where Eo and Ed are single oscillator constants and Eo is the energy of the effective dispersion oscillator.
Eo deals with electronic excitations in the material and is the average of the optical band gap. Ed denotes
the dispersion energy, and it measures the average strength of interband optical transition. Eq. (25) can be
experimentally verified by plotting ( n2 − 1)−1 versus ( hν)2 ; the linear fit of this graph yields a slope equal to
( Eo Ed )−1 and intercept equal to Eo /Ed . In this manner, the single oscillator constants ( Eo and Ed ) can be
determined.
Figure 13 shows the plot of ( n2 − 1)−1 versus (hν)2 . Values obtained are listed in Table 5.
An increase in the value of Ed is observed with increased doping level, indicating that doping increases
the availability of charge carriers for transition across the band gap (HOMO–LUMO energy gap). The value
of Eo increases up to 0.07 wt.%, and at higher doping levels, a decrease in Eo is observed, down to a value of
1.94 eV for doping level of 2.8 wt.%. Spectral momenta are determined from single oscillator constants using
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Table 4. Band gap values from ϵi and hν ( ϵi )(1/2) versus hν plots, respectively. DL is the doping level of KMnO 4 in
PVA-PVP blend films, expressed in wt.%. The energy gap values ( Eϵi and EIi ; i = 1, 2, 3) are expressed in electron
volts (eV).

DL (wt.%)
0.0
0.01
0.02
0.04
0.05
0.07
0.08
0.1
0.2
0.3
0.4
0.5
1
1.5
2
2.5
2.8
3.4
3.8
4.7

Eϵ1 (eV)
4.91 ± 0.001
5.16 ± 0.004
4.96 ± 0.003
4.82 ± 0.006
4.82 ± 0.005
4.52 ± 0.015
4.73 ± 0.003
4.92 ± 0.004
3.34 ± 0.019
3.68 ± 0.012
3.18 ± 0.016
3.27 ± 0.017
3.22 ± 0.06
3.25 ± 0.012
3.26 ± 0.02
3.23 ± 0.019
3.27 ± 0.034
4.18 ± 0.023
3.26 ± 0.005
3.27 ± 0.023

Eϵ2 (eV)
3.00 ± 0.003
2.86 ± 0.016
3.30 ± 0.015
2.90 ± 0.017
2.61 ± 0.002
4.90 ± 0.034
2.56 ± 0.003
3.12 ± 0.026
3.22 ± 0.024
3.04 ± 0.012
2.81 ± 0.013
2.58 ± 0.019
2.61 ± 0.019
2.13 ± 0.016
2.06 ± 0.002
2.05 ± 0.017
3.18 ± 0.012
2.01 ± 0.028
2.68 ± 0.012

Eϵ3 (eV)
0.93 ± 0.04
1.31 ± 0.02
1.28 ± 0.03
2.05 ± 0.04
-

EI1 (eV)
4.87 ± 0.020
5.17 ± 0.020
4.88 ± 0.016
4.84 ± 0.040
4.80 ± 0.030
4.14 ± 0.028
4.67 ± 0.041
4.92 ± 0.018
3.15 ± 0.017
3.71 ± 0.023
3.08 ± 0.012
3.17 ± 0.020
3.08 ± 0.045
3.15 ± 0.022
3.14 ± 0.020
3.11 ± 0.017
3.17 ± 0.031
3.01 ± 0.025
3.16 ± 0.006
3.17 ± 0.007

EI2 (eV)
3.02 ± 0.030
2.90 ± 0.030
2.90 ± 0.0019
2.69 ± 0.004
2.20 ± 0.023
4.25 ± 0.026
2.57 ± 0.004
2.78 ± 0.020
3.27 ± 0.030
2.78 ± 0.030
2.67 ± 0.011
2.47 ± 0.021
2.44 ± 0.017
2.03 ± 0.022
1.98 ± 0.013
1.95 ± 0.016
1.93 ± 0.026
2.55 ± 0.032

EI3 (eV)
0.98 ± 0.05
1.17 ± 0.02
1.23 ± 0.04
1.89 ± 0.04
-

Figure 13. Plot of (n 2 − 1)−1 versus ( hν)2 .

Eq. (26) [30]:
Eo2 =

3
M−1
M−1 2
, Ed =
,
M −3
M−3

(26)

The variations in the values of M−1 and M−3 are also indicated in Table 5. These variations in the values of
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Table 5. Dispersion energy parameters.

DL (wt.%)
0.00
0.01
0.02
0.04
0.05
0.07
0.20
0.30
0.40
1.50
2.00
2.50
2.80
3.40
4.70

Ed (eV)
1.99 ± 0.00600
2.01 ± 0.00078
3.11 ± 0.00120
5.64 ± 0.00300
3.31 ± 0.00600
3.31 ± 0.00100
8.48 ± 0.00460
5.74 ± 0.00420
8.35 ± 0.00380
8.26 ± 0.00210
3.61 ± 0.00390
6.10 ± 0.00540
5.20 ± 0.00150
8.24 ± 0.00830
3.76 ± 0.00390

Eo (eV)
4.51 ± 0.000900
4.84 ± 0.000605
6.84 ± 0.005100
3.09 ± 0.003800
5.77 ± 0.005700
7.12 ± 0.007300
3.44 ± 0.002800
3.15 ± 0.007600
3.25 ± 0.002130
2.78 ± 0.005800
2.07 ± 0.003700
2.27 ± 0.002100
1.94 ± 0.003400
2.49 ± 0.004700
2.39 ± 0.005100

M−1
0.44 ± 0.0013
0.41 ± 0.0016
0.45 ± 0.0003
1.8 ± 0.00240
0.57 ± 0.0018
0.46 ± 0.0049
2.46 ± 0.0024
1.82 ± 0.0045
2.57 ± 0.0168
2.97 ± 0.0062
1.74 ± 0.0030
2.69 ± 0.0034
2.68 ± 0.0047
3.31 ± 0.0071
1.57 ± 0.0037

M−3 (eV)
0.016 ± 0.00001
0.017 ± 0.00008
0.009 ± 0.000016
0.188 ± 0.00100
0.017 ± 0.000048
0.0091 ± 0.000023
0.20 ± 0.000400
0.18 ± 0.001000
0.24 ± 0.001620
0.38 ± 0.001790
0.41 ± 0.001630
0.52 ± 0.001070
0.71 ± 0.014700
0.53 ± 0.004280
0.27 ± 0.001340

spectral momenta are due to the formation of a coordination complex, as a result of interactions between the
polymer molecules and the dopant ions. These quantities are associated with effective valence electrons.
From Table 5, it is noted that larger values of M−1 are observed when compared to M−3 .
3.3. Determination of dielectric constant for ox-PVA-PVP blends films
Two methods are employed to determine high-frequency dielectric constant ε∞ using RI data of KMnO 4 oxidized PVA-PVP blends. The first method considers the free carrier and the lattice vibration modes of
dispersion, and the second method takes into account the contribution of bound carriers to dispersion. Both of
them are employed to get a reliable value for the dielectric constant.
In the first method, the following equation is used to determine the high-frequency dielectric constant
[31]:

(
ε = n2 = ε∞1 −

e
4πc2 εo

)(

N
m∗

)
λ2 .

(27)

In Eq. (27), c denotes the velocity of light, εo is permittivity of free space with a value 8.854 ×10 −12 F/m,
and N and m ∗ are the free charge carrier concentration and effective mass of charge carriers, respectively. Eq.
(27) is verified by plotting n 2 against λ2 . Figure 14 shows the plot of n2 versus λ2 for different DLs. It is
observed that, for longer wavelengths, the dependence of ε = n2 on λ2 is found to be linear. Extrapolating
the linear part to zero wavelengths gives a value of ε∞1 . The slope of the linear fit is used to calculate

N
m∗

.

These values are listed in Table 6.
When the electron damping factor is very small when compared to ω , the refractive index ( n) is given
by Eq. (28) [32]:

(
n = ε∞ −
2
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)
,
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Figure 14. Plot of n2 versus λ2 for different dopant levels.

Table 6. Optical constants determined from the two procedures, details of which are explained in the text.

DL (wt.%)
0.0
0.01
0.02
0.04
0.05
0.07
0.2
0.3
0.4
1.5
2
2.5
2.8
3.4
4.7

(× 1038 kg−1 m−3 )
1.576 ± 0.008
0.171 ± 0.006
0.159 ± 0.004
0.087 ± 0.001
0.249 ± 0.007
0.836 ± 0.005
2.05 ± 0.007
2.29 ± 0.006
3.79 ± 0.003
5.11 ± 0.007
13.4 ± 0.089
15.2 ± 0.069
14.5 ± 0.087
5.0 ± 0.078
7.3 ± 0.091
N
m∗

ωp (× 105 s−1 )
6.75 ± 0.023
2.2 ± 0.050
2.12 ± 0.041
1.59 ± 0.014
2.68 ± 0.019
4.96 ± 0.027
7.71 ± 0.052
8.14 ± 0.047
10.48 ± 0.069
12.17 ± 0.042
19.70 ± 0.054
20.99 ± 0.078
20.50 ± 0.059
12.03 ± 0.078
14.54 ± 0.087

ε∞1
1.64 ± 2.9x10−4
1.40 ± 5.3 x 10−4
1.42 ± 8.9 x 10−4
1.53 ± 7.4 x 10−4
1.56 ± 5.2x10−4
1.65 ± 6.3 x 10−4
4.00 ± 7.2 x 10−4
3.44 ± 5.8 x 10−4
4.3 ± 2.4 x 10−4
5.3 ± 3.7 x 10−4
4.6 ± 4.8 x 10−4
5.68 ± 5.7 x 10−4
5.45 ± 2.6 x 10−4
5.63 ± 3.8 x 10−4
3.81 ± 2.9 x 10−4

λo (nm)
330 ± 2.8
285 ± 3.2
182 ± 4.1
140 ± 5.2
205 ± 4.1
400 ± 6.2
311 ± 1.8
368 ± 5.1
332 ± 2.8
379 ± 3.7
498 ± 4.2
414 ± 5.7
440 ± 4.6
351 ± 7.1
450 ± 2.9

So × 1012
0.29 ± 0.0004
0.49 ± 0.0001
1.37 ± 0.0020
2.91 ± 0.0030
0.79 ± 0.0008
0.28 ± 0.0003
0.27 ± 0.0007
1.40 ± 0.0012
2.40 ± 0.0034
2.30 ± 0.0052
1.00 ± 0.0031
2.10 ± 0.0012
1.80 ± 0.0019
3.6 ± 0.0024
0.92 ± 0.0005

ε∞2
1.32 ± 0.0031
1.40 ± 0.0052
1.42 ± 0.0044
1.57 ± 0.0061
1.58 ± 0.0049
1.45 ± 0.0064
3.60 ± 0.0054
2.97 ± 0.0057
3.75 ± 0.0051
4.37 ± 0.0071
3.49 ± 0.0082
4.74 ± 0.0071
4.44 ± 0.0031
5.41 ± 0.0068
2.87 ± 0.0031

where ω is the angular frequency of light and ωp is the plasma frequency; its value is calculated using Equation
(29):
ωp2 =

e2 N
.
εo m∗

(29)

N
The calculated values of m
∗ , ωp , and ε∞1 are listed in Table 6.
In the second method, the high-frequency dielectric constant is determined using the Moss model, which

states that the free carrier’s contribution to dispersion is relatively small [33]. Accordingly, the data below the
absorption edge are used for analysis. RI data were extrapolated towards a shorter wavelength. The following
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equation (Eq. (30)) is used to calculate the high-frequency dielectric constant, ε∞2 [34]:
(
)−1
1
λ2o
=
−
λ−2 + n2o − 1
.
2
2
(n − 1)
(no − 1)
According to Eq. (30), the slope and intercept of the

(

n2 − 1

)−1

(30)

versus λ−2 graph are used to determine

the values of the average oscillator strength ( So ) and the average interband oscillator wavelength ( λo ) . The
reciprocal of the modulus of this slope gives the average oscillator strength, in accordance with the equation
(n2o −1)
λ2o

= So .

(
)−1
Figure 15 shows the plot of n2 − 1
versus λ−2 for different DLs. Intersection of the linear region of
(
)−1
(
)−1
this graph with the n2 − 1
axis gives a value of n2o − 1
. Thus, the value of n2o at λo is determined.
The value of n2o also gives the value of ε∞2 . Although the values of high-frequency dielectric constants ε∞1
and ε∞2 agree with each other, lattice vibrations and bound carriers in an empty lattice (in the transparent
region) result in a small difference in their values.

(
)−1
Figure 15. Plot of n2 1
versus λ2 for different dopant levels.

The dissipation factor is a measure of loss rate of power of a mechanical mode, such as oscillation in a
dissipative system, and is given by Eq. (31) [35]:
tan δ =

εi
,
εr

(31)

where εr and εi are the real and imaginary parts of the dielectric constant, respectively. The dissipation factor
is found to increase with increasing photon energy. Figures 16 and 17 show the plot of tan δ versus frequency
for various DLs.
Dielectric relaxation time, τ , is determined using Eq. (32) [36,37]:
τ=

ε∞ − εr
,
ωεi

(32)

where ε∞ is the high-frequency dielectric constant, while εr and εi are the real and imaginary parts of the
dielectric constant and ω is the angular frequency. Figures 18 and 19 show the variation of τ with photon
energy ( hν) .
350

VEENA and LOBO/Turk J Phys

Figure 16. Plot of tan δ versus frequency (f) for films
with low DLs. Inset shows plot of tan δ versus f for
moderate DL films.

Figure 17. Plot of tan δ versus f for films with higher
DLs.

Figure 18. Plot of τ versus hν at low DL.

Figure 19. Plot of τ versus hν for moderate DL. Inset
shows the plot of τ versus hν for high DL.

3.4. Optical conductivity
Interaction of electromagnetic radiation with a material leads to the excitation of electrons across the band gap
and impurities within the band gap, resulting in the enhancement of the electrical conductivity of the material.
This is known as photoconductivity, a special case of optical conductivity. Optical conductivity is one of the
important properties that determine the optoelectronic nature of a material, as it deals with electronic states
and transitions of a material when electromagnetic radiation is incident on it.
Conductance of the material is directly proportional to the energy of incident electromagnetic radiation
up to a certain maximum value. Further increase in the radiant energy produces no change in the optical
conductance. Optical conductivity can be determined using Eq. (33) [38]:
σ=

αnc
.
4π

(33)

Figures 20 and 21 show the plot of σ versus hν . The real and imaginary components of optical conductivity
are described as follows (see Eqs. (34a) and (34b)):
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Figure 20. Plot of σ versus hν at low DL. Inset shows
plot of σ versus hν for moderate DL.

Figure 21. Plot of σ versus hν at higher DL.

σi = ω ε o εi ,

(34a)

σr = ω εo εr .

(34b)

The real part of optical conductivity ( σr ) is contributed by the resistive joule heating by the in-phase current,
while the imaginary part ( σi ) is related to the inductive current. It is seen that optical conductivity increases
with increasing energy. This increase is due to electrons excited by the incident photon energy. Optical
conductivity also changes with doping. This variation can be attributed to defect states or localized states
created by dopants in the PVA-PVP matrix (which in turn affects the optical conductivity). Thus, the presence
of a higher concentration of localized states in the band structure of the ox-PVA-PVP blend is responsible for
the observed variation in all optical parameters. Figures 22 and 23 show the plot of σr versus hν , whereas
Figures 24 and 25 show the plot of σi versus hν for various DLs of KMnO 4 in PVA-PVP.

Figure 22. Plot of σr versus hν at low dopant levels.
Inset shows plot of σi versus hν for moderate dopant
levels.
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Figure 23. Plot of σr versus hν at higher dopant levels.
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Figure 24. Plot of σi versus hν for low DL. Inset shows
plot of σi versus hν for moderate DL.

Figure 25. Plot of σi versus hν for higher DL films.

4. Conclusions
The refractive index, absorption index, transmittance, and reflectance of KMnO 4 -oxidized PVA-PVP blend
films were determined from optical absorption data. Upon the analysis of the UV-Vis spectra of ox-PVA-PVP
blend films, the optical band gap for all four possible types of electronic transitions (on absorption of incident
photons of suitable energy) was determined. In order to find the real value of γ , the plot of εi versus hν
was considered. Thus, the type of optical transition responsible for optical absorption in the case of KMnO 4 oxidized PVA-PVP blend films was found to be indirect allowed transition, with γ = 2. Dispersive energy
parameters were determined by the Wemple and Didomenico relationship. Greater values of N /m∗ at higher
dopant levels indicated that these samples are more conductive. The values of high-frequency dielectric constant
ε∞ determined by two different methods agreed with each other. The values of relaxation time, dissipation
factor, and optical conductivity with respect to photon energy were determined.
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